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Abstract—This paper proposes a novel relay-aided intelligent
reconfigurable surface (IRS) architecture for future wireless com-
munication systems. The proposed architecture, which consists of
two side-by-side intelligent surfaces connected via a full-duplex
relay, has the potential of achieving the promising gains of
intelligent surfaces while requiring much smaller numbers of
reflecting elements. Consequently, the proposed IRS architecture
needs significantly less channel estimation and beam training
overhead and provides higher robustness compared to classical
IRS approaches. Further, thanks to dividing the IRS reflection
process over two surfaces, the position and orientation of these
surfaces can be optimized to extend the wireless communication
coverage and enhance the system performance. In this paper,
the achievable rates and required numbers of elements using the
proposed relay-aided IRS architecture are first analytically char-
acterized and then evaluated using numerical simulations. The
results show that the proposed architecture can achieve the data
rate targets with much smaller numbers of elements compared to
typical IRS solutions, which highlights a promising path towards
the practical deployment of these intelligent surfaces.
Index Terms—Intelligent reconfigurable surfaces, full-duplex,
relay, millimeter wave, MIMO.
I. INTRODUCTION
Intelligent reconfigurable surfaces (IRSs) are envisioned
as intrinsic components of future wireless communication
systems [1]–[4]. This is mainly thanks to its promising gains
in enhancing the coverage and rates in future millimeter
wave (mmWave) and terahertz networks where coverage is
a major challenge. To achieve its potential gains, however,
massive numbers of elements need to be deployed at these
surfaces. This leads to critical challenges in terms of the
channel estimation/beam training overhead as well as the
robustness of these systems with very narrow beams, which
may render the practical deployment of these extremely large
surfaces infeasible. This paper proposes a novel relay-aided
IRS architecture that has the potential of achieving the IRS
promising gains with much less numbers of elements; opening
the door for realizing these surfaces in practice.
Multi-antenna technologies such as mmWave Multiple-
Input-Multiple-Output (MIMO) [5]–[9] and massive MIMO
[10]–[14] are key technologies for meeting the data rates
demands in 5G and future wireless systems. As these systems
move to higher frequency bands, though, they become more
susceptible to blockages. This poses a critical challenge for
future wireless communication networks. The concept of em-
ploying intelligent reconfigurable surfaces to overcome these
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blockages and provide alternative high-quality paths between
the transmitters and receivers has been recently proposed
and attracted significant interests [1], [2], [15], [16]. These
architectures consist of massive numbers of nearly-passive
elements, which are configured to reflect/focus the power to-
wards the intended receivers. While these surfaces have many
promising applications, very large numbers of reflect elements
are needed to achieve sufficient receive power, leading to high
training overhead and extremely narrow beams, which makes
the precise control of steering direction critical.
A more widely accepted method for adapting wireless
communication environment is by using relay stations, which
may also generate additional wireless routes toward the desti-
nation. While both relays and intelligent surfaces are relatively
similar, the relay plays the role of receiving and retrans-
mitting the signal with amplification. In [17], [18], compar-
isons were made between intelligent surfaces and decode-and-
forward(DF)/amplify-and-forward(AF) relays, reaching the
conclusion that an IRS needs hundreds of reconfigurable
elements to be competitive against relays. However, conven-
tional relays are lacking the ability of focusing the signal,
which limits its ability for wireless coverage and increases the
interference to unintended receivers. Further, MIMO relays are
costly and bulky with high power consumption.
In this paper, we propose a novel IRS architecture that
consists of two IRS surfaces connected via a full-duplex relay.
The proposed architecture merges the gains of both relays
and reconfigurable surfaces and splits the required SNR gain
between them. This architecture can then significantly reduce
the required number of elements while achieving the same
spectral efficiencies. Consequently, the proposed architecture
needs much less channel estimation/beam training overhead
and provides enhanced robustness compared to traditional IRS
solutions. An important aspect of the proposed architecture is
splitting the reflection process over two intelligent surfaces.
This allows leveraging full-duplex relays with practical iso-
lation. Further, this enables the proposed architecture to be
deployed in very flexible ways by optimizing the position
and orientation of the two surfaces, which leads to much
better coverage. After describing the proposed architecture,
this paper develops an accurate mixed near-far field channel
model that describes the composite channel between the trans-
mitter/receiver and the relay through the IRS surfaces. Further,
the paper derives closed-form expressions for the achievable
rates using the proposed relay-aided IRS architecture with
AF and DF relays. Finally, these rates are evaluated using
numerical simulations which further highlight the promising
gains of the proposed architecture.
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Fig. 1. The proposed relay-aided IRS architecture consists of two intelligent
reconfigurable surfaces connected via a full-duplex relay. IRS 1 reflects the
transmitter’s signal towards the relay and IRS 2 reflects signal transmitted by
the relay towards the target receiver.
II. PROPOSED ARCHITECTURE: RELAY-AIDED IRS
Intelligent reconfigurable surfaces have the potential of
enhancing the coverage and data rates of future wireless
communication systems. This is particularly important for
mmWave and Terahertz systems where network coverage is
a critical problem. The current approach in realizing these
surfaces is through using massive numbers of nearly-passive
elements that focus the incident signals towards the desirable
direction. In order to achieve sufficient receive power, however,
these surfaces will typically need to deploy tens of thousands
of antenna elements (as will be shown in Section VII).
Having intelligent reconfigurable surfaces with that many
antennas carries fundamental problems that may render
these surfaces infeasible. In addition to the high-cost in
building them, these surfaces have extremely narrow beams
which incur massive training overhead with which supporting
even low-mobility applications is questioned. Further, narrow
beams constitute a critical challenge for the robustness of
the communication links as any little movement may result
in a sudden drop in the receive power. With the motivation
of overcoming these challenges and enabling the potential
gains of intelligent reconfigurable surfaces in practice, we
propose a novel architecture based on merging these surfaces
with full-duplex relays. Next, we briefly describe the proposed
architecture and highlight its potential gains.
A. Architecture Description
The core idea of the proposed architecture is to make
the intelligent surfaces capable of amplifying the power of
the incident signals without the need to explicitly deploy
power amplifiers at the elements of these surfaces. This has
the potential of splitting the required SNR gain between
the array gain (using the focusing capability of the IRS)
and the power amplification gain. To achieve this goal, we
propose the simple architecture shown in Fig. 1, where
two intelligent reconfigurable surfaces are connected via
a full-duplex relay. This architecture operates as follows:
When the transmitter transmits a signal, the first intelligent
surfaces (IRS 1) reflects this signal towards the horn antenna
Extended 
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Fig. 2. The proposed relay-aided IRS architecture has the potential of
extending the wireless communication coverage by configuring the position
and orientation of the two intelligent surfaces.
of the attached relay. This full-duplex relay then amplifies
(or decodes) the signal and retransmits it towards the second
intelligent surface (IRS 2). Finally, this surface reflects and
focuses the signal towards the target receiver. The two surfaces
switch their roles as the direction of communication switches.
Note that a key aspect of the proposed architecture is having
two surfaces doing different (transmit/receive) functions at any
point in time. This allows employing a full-duplex relay (with
reasonable isolation) and enables the proposed relay-aided IRS
architecture to continuously reflect the incident signals.
B. Motivation and Potential Gains
The proposed relay-aided IRS architecture has several po-
tential gains compared to the classical IRS architecture that
has a single surface. Next, we briefly highlight these gains.
• Less number of elements: To achieve a sufficient SNR
gain, the proposed architecture has the possibility to split
this required gain between the relay power amplification
gain and the focusing gain of the intelligent surface. This
can considerably reduce the required number of elements
at the intelligent surfaces.
• Low beam training overhead: To realize the potential
beamforming gain, the controllable elements of the intel-
ligent surfaces need to be configured based on the chan-
nels between these surfaces and the transmitters/receivers.
Acquiring this channel knowledge (or equivalently find-
ing the best beam), however, requires huge training
overhead in classical intelligent reconfigurable surfaces
that employ massive numbers of elements. This imposes
a critical challenge for the feasibility of these surfaces in
practical deployments. Given that the proposed architec-
ture has the potential of achieving the same SNR gains
with much less number of elements (and hence much
less training overhead), it presents an interesting path for
realizing these systems in practice.
3• Wider beams for higher robustness: Another critical
challenges that follow from employing a massive number
of elements in classical reconfigurable surfaces is the very
small beamwidth of the focusing beams. These laser-like
beams highly affect the robustness of these systems as
the links can be abruptly disconnected with any small
movement by the transmitter or the receiver. In contract,
and thanks to requiring a smaller number of elements,
the proposed relay-aided IRS architecture employ wider
beams, which enhances the robustness of the system.
• Better coverage: An interesting characteristic of the
proposed relay-aided IRS architecture is the use of two in-
telligent surfaces. This allows moving those two surfaces
to extend the communication coverage and overcome
potential blockages. In Fig. 2, we demonstrate some can-
didate deployment scenarios that highlight the potential
of the proposed relay-aided IRS architecture in extending
the coverage in wireless networks.
III. SYSTEM MODEL
Consider the communication system shown in Fig. 1 where
a transmitter and receiver are communicating through the
proposed relay-aided intelligent reconfigurable surface. For
simplicity, we assume that there is no direct line-of-sight link
between the transmitter and receiver (assuming this link is
either blocked or negligible). Further, we adopt a scenario
where the transmitter and receiver have single antennas. The
proposed model and results in this paper, however, can be
extended to the case with multi-antenna transceivers. When
the transmitter sends the signal s, this signal is first reflected
by the receive reflecting surface (IRS 1 in Fig. 1) to the relay
receiver antenna. This signal is then amplified (in the case
of AF relay) or regenerated (in the case of DF relay) before
being transmitted to the second reflecting surface (IRS 2 in
Fig. 1), which reflects the signal towards the receiver. It is
important to note here that since the two reflect arrays
are separated for receiving and transmitting purposes,
the proposed relay-aided IRS architecture can efficiently
operate in a full-duplex mode, with reasonable isolation
between the directional transmit and receive antennas of the
relay. This allows the proposed IRS architecture to work on
continuously reflecting the incident signals without requiring
additional time resources.
Assume that each intelligent surface has M antennas, and
let ht ∈ CM×1 and gt ∈ CM×1 denote the channels between
the transmitter and IRS 1, and between IRS 1 and the relay
receive antenna. Then, the receive signal at the relay can be
written as
yRIR =
√
pt g
T
t Ψ1hts+ n1, (1)
where pt denotes the transmit power at the transmitter, s is the
transmit symbol with unit average power, and n1 ∼ N
(
0, σ21
)
is the receive noise at the relay. The M × M diagonal
matrix Ψ1 is the interaction matrix of the first intelligent
reconfigurable surface (IRS 1). If ψ1 denotes the diagonal
vector of Ψ1, i.e., Ψ1 = diag (ψ1), then we can rewrite (1)
as
yRIR =
√
pt (ht  gt)T ψ1s+ n1, (2)
IRS 1
<latexit sha1_base64="f2yzimwbR/Dgjzp6tZ360fHRqNI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0 oWy2k3btZhN2N2IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqox oWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB5jmM/A==</la texit>
<latexit sha1_base64="l29WxoUb9DEbvmhLG7jHtZ0OU24=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokIei x68diC/YA2lM120q7dbMLuRgihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/mdJ1Sax/LBZAn6ER1JHnJGjZWa2aBSdWvuHGSVeAWpQoHGoPLVH 8YsjVAaJqjWPc9NjJ9TZTgTOC33U40JZRM6wp6lkkao/Xx+6JScW2VIwljZkobM1d8TOY20zqLAdkbUjPWyNxP/83qpCW/8nMskNSjZYlGYCmJiMvuaDLlCZkRmCWWK21sJG1NFmbHZlG0I3vLLq6R9WfPcmte8qtZvizhKcApncAEeXEM d7qEBLWCA8Ayv8OY8Oi/Ou/OxaF1zipkT+APn8wfnvYz9</latexit>
<latexit sha1_base64="HDzXchlsPlmuEyZZ/9zFJ+iVC6I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN2N0IN/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHj U0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHst7M0nQj+hQ8pAzaqzUeOqXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB6UGM/g==</latexit>
<latexit sha1_base64="EsxHEjaNAcmtQFSBibSltK0Zr2M=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BItQQcpGBD0WvXisYD+ gDWGz3bRLN5u4uynG0N/hxYMiXv0x3vw3btsctPXBwOO9GWbm+TFnSiP0bRVWVtfWN4qbpa3tnd298v5BS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv+6Gbqt8dUKhaJe53G1A3xQLCAEayN5FYfPXSWmnry0KlXrqAamsFeJk5OKpCj4ZW/ev2IJCEVmnCsVNdBs XYzLDUjnE5KvUTRGJMRHtCuoQKHVLnZ7OiJfWKUvh1E0pTQ9kz9PZHhUKk09E1niPVQLXpT8T+vm+jgys2YiBNNBZkvChJu68ieJmD3maRE89QQTCQzt9pkiCUm2uRUMiE4iy8vk9Z5zUE15+6iUr/O4yjCERxDFRy4hDrcQgOaQOABnuEV3qyx9WK9Wx/z1oKVzxz CH1ifP7PNkL0=</latexit>
<latexit sha1_base64="9/gMTI1ho95d525n2S1NxeyHuFA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BItQQUoigh6LXjxWsB/ QhrDZbtqlu5u4uynG0N/hxYMiXv0x3vw3btsctPXBwOO9GWbmBTGjSjvOt1VYWV1b3yhulra2d3b3yvsHLRUlEpMmjlgkOwFShFFBmppqRjqxJIgHjLSD0c3Ub4+JVDQS9zqNicfRQNCQYqSN5FUffX6Wmnry+alfrjg1ZwZ7mbg5qUCOhl/+6vUjnHAiNGZIqa7rx NrLkNQUMzIp9RJFYoRHaEC6hgrEifKy2dET+8QofTuMpCmh7Zn6eyJDXKmUB6aTIz1Ui95U/M/rJjq88jIq4kQTgeeLwoTZOrKnCdh9KgnWLDUEYUnNrTYeIomwNjmVTAju4svLpHVec52ae3dRqV/ncRThCI6hCi5cQh1uoQFNwPAAz/AKb9bYerHerY95a8HKZw7 hD6zPH8zLkXQ=</latexit>
<latexit sha1_base64="KVaUYe7ML+koj3+ASEMv4/94BlE=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqe yKoMeiF48V7Qe0S8lms21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAU31vO+UWltfWNzq7xd2dnd2z+oHh61TZJpylo0EYnuhsQwwRVrWW4F66aaERkK1gnHtzO/88S04Yl6tJOUBZIMFY85JdZJD9FADqo1r+7Ng VeJX5AaFGgOql/9KKGZZMpSQYzp+V5qg5xoy6lg00o/MywldEyGrOeoIpKZIJ+fOsVnTolwnGhXyuK5+nsiJ9KYiQxdpyR2ZJa9mfif18tsfB3kXKWZZYouFsWZwDbBs79xxDWjVkwcIVRzdyumI6IJtS6digvBX355lbQv6r5X 9+8va42bIo4ynMApnIMPV9CAO2hCCygM4Rle4Q0J9ILe0ceitYSKmWP4A/T5A0gojcg=</latexit>
Fig. 3. The channels between the intelligent surfaces and the relay, gt and
gr , adopt near-field and spherical wave modeling.
where  is the Hadamard product. In this paper, we focus on
the case when the intelligent surfaces interact with the incident
signals via phase shifters, i.e., ψ1 =
√
κ1
[
ejφ
1
1 , ..., ejφ
1
M
]
,
with κ1 representing the power reflection efficiency of the first
intelligent surface. At the relay, the receive signal is processed
by either applying an amplification gain (for the case of AF
relay) or decoding followed by retransmission (for DF relays).
For AF relays: An amplification gain β will be applied to
the receive signals before retransmitting it towards the second
intelligent reconfigurable surface (IRS 2). This surface will
then reflect the signal to the receiver using its interaction
matrix Ψ2, defined similarly to Ψ1. If gr ∈ CM×1 and
br ∈ CM×1 represent the channels between IRS 2 and the
relay transmit antennas and between IRS 2 and the receiver,
then the receive signal at the receiver can then be written as
yr =
√
β (hr  gr)T ψ2
(√
pt (ht  gt)T ψ1s+ n1
)
+ n2,
(3)
where n2 ∼ N
(
0, σ22
)
is the receive noise at the receiver.
For DF relays: The receive signals will be decoded and
retransmitted with power pr to the second intelligent surfaces
(IRS 2), which reflects the signal towards the receiver using
its interaction matrix Ψ2. In this case, the receive signal at the
receiver can be written as
yr =
√
pr (hr  gr)T ψ2s+ n2. (4)
An important note on the transmit and receive side composite
channels, (ht  gt) and (hr  gr), is that they combine far-
field channels ht,hr and near-field channels gt,gr. In the next
section, we develop an accurate model for these channels.
IV. CHANNEL MODEL: MIXED NEAR-FAR FIELD MODEL
One important characteristic of the proposed relay-aided
IRS architecture is that the channels between intelligent sur-
faces and the transmitter/receiver can be modeled as far-field
channels while the channels between the surfaces and the
relay need to adopt near-field modeling. In this section, we
will describe in detail the composite channel model for the
4transmit side, which we denote h◦t = ht  gt. The receive-
side composite channel h◦r = hrgr can be similarly defined.
Given the description of the relay-aided IRS architecture in
Section III, we can write the transmit-side composite channel
as
h◦t = ht  ςt Θt, (5)
where ςt and Θt are the magnitude and phase vectors of the
near-field IRS-relay channel gt, i.e., gt = ςt Θt. First, we
describe the far-field channel vectors, ht, using a geometric
channel model [2]. In this model, the signal propagating
between the transmitter and IRS 1 experiences L clusters,
and each cluster contributes with one ray via a complex
coefficient α` ∈ C and azimuth/elevation angles of arrival,
θaz` , θ
el
` ∈ [0, 2pi). Hence, the channel ht can be written by
ht =
L∑
`=1
√
ρtα`a
(
θaz` , θ
el
`
)
(6)
where ρt denotes the path loss between the transmitter and the
IRS 1, and a(.) ∈ CM×1 represents the array response vector
of the first intelligent surface (IRS 1).
For the channel between the intelligent reconfigurable sur-
face and the horn antenna, given the small distance between
them, near-field and spherical propagation models need to be
considered [19], [20]. Near-field effects are reflected on both
the magnitude and phase of the channel entries and magnitude
depends on the free-space path-loss, the polarization mismatch
and the effective aperture area of the antenna. For IRS ele-
ments of side-length λ2 =
f
2c , the magnitude of the channel
between element m of IRS 1 and the relay antenna, [ςt]m, can
be approximated as [21]
[ςt]m =
Gt
4pi
∑
x∈X
∑
y∈Y
 Cx,y
3
(
y2
d2 + 1
) + 2
3
tan−1 Cx,y
 12 ,
(7)
with
Cx,y =
xy
d2√
x2
d2 +
y2
d2 + 1
, (8)
where X =
{
c
4f
√
pi
+ xm − x0, c4f√pi − xm + x0
}
and Y ={
c
4f
√
pi
+ ym − y0, c4f√pi − ym + y0
}
, with c and f denoting
the speed of light and carrier frequency. The height of the
relay antenna is denoted by d = |zm− z0| and the gain of the
horn antenna over the isotropic antenna is represented by Gt.
Finally, following the spherical wave equations [19], [20], the
phase factor of the channel between the mth element of IRS
1 and the relay antenna, which is captured in the mth element
of Θt, can be written as
[Θt]m = e
j 2piλ
√
(xm−x0)2+(ym−y0)2+d2 , (9)
where λ is the wavelength.
V. ACHIEVABLE RATES
In this section, we investigate the achievable spectral ef-
ficiency using the proposed relay-aided intelligent reconfig-
urable surfaces. First, we briefly review the spectral efficiency
achieved by the standard intelligent reconfigurable surfaces
and AF/DF relays. Then, we derive the spectral efficiency
of the proposed relay-aided IRS architecture with both AF
and DF relays, respectively. In the following derivations, we
assume that perfect channel state information is available at
IRS, relay, and relay aided IRS. Extending these results to
account for imperfect channel state information can be an
interesting direction for future extensions.
A. intelligent reconfigurable Surfaces
We start by deriving spectral efficiency of IRS for compar-
ison purposes. By adopting the same channel definitions for
the transmitter-IRS and IRS-receiver channels, i.e., ht and hr,
we formulate the received signal as
yr =
√
pt h
T
r Ψhts+ n2, (10)
where n2 is the receiver noise as defined previously, and
Ψ = diag(ψ) is the interaction matrix of the IRS with
ψ =
√
κ
[
ejφ1 , ..., ejφM
]
. For the spectral efficiency of IRS,
we can write
RIRS = max
ψ
log2
(
1 +
ptκ| (ht  hr)T ψ|2
σ22
)
(11)
= log2
(
1 +
ptκ(
∑M
m=1 |[ht]m||[hr]m|)2
σ22
)
(12)
= log2
(
1 +
ptκM
2ξt,r
σ22
)
(13)
≤ log2
(
1 +
ptκM
2ζtζr
σ22
)
. (14)
Note that (11) is obtained by a transformation of (10) similar
to (1) and (2). In (12), the IRS is configured to maximize
the gain via applying inverse phase shift of combined receive
and transmit channels such that φ3m = −∠[ht]m[hr]m. The
results in (13) are in a compact form by defining ξt,r =
( 1M
∑ |[ht]m||[hr]m|)2. Moreover, it can be upper-bounded
with Cauchy-Schwarz inequality as given in (14) with the
definitions ζt = 1M
∑ |[ht]m|2 and ζr = 1M ∑ |[hr]m|2.
LOS scenario: The expression in (13) can be further
simplified in the case where only LOS path is available. In
this case, channel between the transmitter and the IRS follows
(6) for L = 1 and α1 = 1 resulting in ht =
√
ρta
(
θaz` , θ
el
`
)
.
Hence, ξt,r = ρtρr and
RIRS = log2
(
1 +
ptκM
2ρtρr
σ22
)
(15)
which is a similar expression to the upper-bound defined in
(14), however, the equality is exactly satisfied with the scalar
channel gain values ρt and ρr.
5B. Standard Relays
We also consider a standard relay with a single antenna in
each direction, again adopting the same channel definitions
ht, hr for M = 1. The spectral efficiency of the relay
models follows the derivations of the classical work [22] with
trivial changes due to (i) the absence of LOS channel between
the transmitter and source, and (ii) the full-duplex operation
without any interference.
1) DF Relay: With the given definitions, spectral efficiency
of the DF relay can be written by
RDFRelay = log2
(
1 + min
{
ptζt
σ21
,
prζr
σ22
})
, (16)
which simply selects the minimum rate of two channels
utilized in the transmission.
2) AF Relay: For AF operation, the relay amplifies the
received signal with the amplifying coefficient β, leading to
RAFRelay = log2
(
1 +
ptβζtζr
βζrσ21 + σ
2
2
)
. (17)
Note that the relay is subject to a power constraint pr, resulting
in constraint β ≤ pr
ptζt+σ21
. For the equality where full power
is applied by the relay, the expression can be further simplified
to
R¯AFRelay = log2
(
1 +
ptζt
σ21
· prζr
σ22(
ptζt
σ21
+ prζr
σ22
+ 1
)) . (18)
C. Relay-Aided IRS
Recall that relay-aided IRS can adopt either DF or AF
operations depending on application. For instance, DF relay
is preferable for frequency selective fading channels, while
AF relay is favored when less transmission latency between
base station and user is required.
We take IRS gains equal as they are identical, i.e., κ1 =
κ2 = κ. To derive spectral efficiency of relay-aided IRS, we
start with transmitter-relay direction, and write
Rt = max
ψ1
log2
(
1 +
ptκ| (ht  gt)T ψ1|2
σ21
)
(19)
= max
ψ1
log2
(
1 +
ptκ| (h◦t )T ψ1|2
σ21
)
(20)
= max
φ11,...,φ
1
M
log2
(
1 +
ptκ(
∑M
m=1[h
◦
t ]m e
jφ1m)2
σ21
)
(21)
= log2
(
1 +
ptκM
2ξ◦t
σ21
)
(22)
where (22) is obtained by setting φ1m = −∠[h◦t ]m maximizing
the expression, and defining ξ◦t = (
1
M
∑ |[h◦t ]m|)2.
By applying the same operations in (19)-(22), we can write
the spectral efficiency of relay-receiver direction by
Rr = log2
(
1 +
ptκM
2ξ◦r
σ22
)
(23)
with the phase shift values of IRS 2 being selected as φ2m =
∠[h◦r ]m and ξ◦r = ( 1M
∑ |[h◦r ]m|)2.
1) DF Relay Operation: In a similar way to (16), DF-
relay-assisted IRS supported wireless network can support the
spectral efficiency
RDFRIR = min{Rt, Rf}
= log2
(
1 + κM2 ·min
{
ptξ
◦
t
σ21
,
prξ
◦
r
σ22
})
(24)
where Rt in (24) shows the maximum rate at which the relay
can reliably decode, while Rf is the maximum rate at which
relay can reliably transmit to the receiver.
LOS scenario: For the LOS case, the channels follow (6)
with L = 1 and α1 = 1 leading to ht =
√
ρta
(
θaz` , θ
el
`
)
.
Moreover, we can expand ξ◦t = ρtηt with the definition ηt =(
1
M
∑ |[gt]m|)2. The spectral efficiency becomes
RDFRIR = log2
(
1 + κM2 ·min
{
ptρtηt
σ21
,
prρrηr
σ22
})
. (25)
In addition, the near-field gain can be bounded by ηtM ≤ 1,
due to the conservation of energy, resulting in
RDFRIR ≤ log2
(
1 + κM ·min
{
ptρt
σ21
,
prρr
σ22
})
. (26)
We note that this expression clearly indicates that proposed
relay-aided IRS model can offer κM gain on SNR of DF-
relay with a LOS path as can be seen by setting ζ = ρ in
(16).
2) AF Relay Operation: In a similar way to (17), for
the AF-relay-assisted IRS supported network, the spectral
efficiency can be formulated by
RAFRIR = log2
(
1 +
ptβκ
2M4ξ◦t,r
βκM2ξ◦rσ21 + σ
2
2
)
(27)
for a given gain constraint
β ≤ pr
ptκM2ξ◦t + σ21
. (28)
Moreover, with the equality of (28), similarly to (18), the
expression can be simplified to
R¯AFRIR = log2
1 + κM2ptξ◦tσ21 · κM2prξ◦rσ22
κM2ptξ◦t
σ21
+
κM2prξ◦r
σ22
+ 1
 . (29)
LOS scenario: The same channel simplifications following
LOS scenario of DF-Relay allow us to form
RAFRIR = log2
(
1 +
ptβκ
2M4ρtρrηt,r
βκM2ρrηrσ21 + σ
2
2
)
(30)
with ηt,r =
(
1
M
∑ |[gt]m||[gr]m|)2 and (28). Also, maximum
near-field gain ηtM ≤ 1 can bound the spectral efficiency as
RAFRIR ≤ log2
(
1 +
ptβκ
2M2ρtρr
βκMρrσ21 + σ
2
2
)
(31)
since log(x), and ax
2
bx+c for a, b, c, x ≥ 0 are strictly increasing
functions. In the case of equality of gain constraint, similar
expressions to (29) for only LOS path can easily be obtained.
6VI. HOW MANY ANTENNAS ARE NEEDED?
In addition to the achievable rates, we are also interested in
the number of antennas needed for providing a given gain Rlim
over a fixed distance. To this end, we provide the expressions
for the IRS, AF and DF relay-aided IRS derived from the
corresponding spectral efficiency. Let us define γlim = 2Rlim−
1 for ease of notation.
A. intelligent reconfigurable Surfaces
For the sake of a fair comparison, we consider IRS with
2M antennas. Therefore, the inverse function of (13) for 2M
antennas with respect to M can easily be obtained as follows:
MIRS ≥ 1
2
√
γlimσ22
ptκξt,r
≥ 1
2
√
γlimσ22
ptκζtζr
(32)
Note that this is a lower bound on M for an IRS with 2M
antennas providing the rate Rlim.
B. Relay-Aided IRS
1) DF Relay Operation: With relay-aided IRS with DF, the
number of antennas needed to provide the gain Rlim can be
derived as
MDFRIR ≥
γlim
κ
max
{
σ21
ptξ◦t
,
σ22
prξ◦r
}
(33)
using (24).
2) AF Relay Operation: The number of antennas needed
for relay-aided IRS with AF depends on the gain and power
limitation of the relay. Recall that we have the gain constraint
(28) which depends on M . For a given amplifier coefficient
β, we first find the positive solution M˜AFRIR to the quadratic
equation of M2 given by
ptβκ
2ξ◦t,rM
4 − γlimβκξ◦rσ21M2 − γlimσ22 . (34)
If corresponding M˜AFRIR holds for (28), then the maximum gain
does not violate the power constraint and MAFRIR = M˜
AF
RIR.
Otherwise, the system applies maximum power instead of the
maximum relay gain through (29) and number of antennas
needed in this case can be formulated as the positive solution
of the following quadratic equation of M2:
κptξ
◦
t
σ21
· κprξ
◦
r
σ22
M4−γlim
(
κptξ
◦
t
σ21
+
κprξ
◦
r
σ22
)
M2−γlim. (35)
VII. SIMULATION RESULTS
In this section, we evaluate the performance of our proposed
relay-aided IRS architecture using numerical simulations.
A. Simulation Setup
We consider the scenario illustrated in Fig. 4 where trans-
mitter and receiver are located at two points aligned on y-axis
with a separation dx on x-axis. The IRS/Relay/Relay-aided
IRS is placed at dy = 10m away from the transmitter and
receiver in y-axis while it is in the middle of them in x-
axis. We take the heights of transmitter and IRS/Relay/Relay-
aided IRS units as 10m and the receiver as 1m. In this setup,
Relay
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Fig. 4. The adopted simulation setup where the proposed relay-aided IRS is
assisting the communication between single-antenna transmitter/receiver. The
IRS architecture is placed as shown in the figure with equal distances to the
transmitter and receiver.
the channel gains are generated by using 3GPP Urban Micro
(UMi) - street canyon model [23] given as
Ploss = 32.4 + 21 log10(d3D) + 20 log10(fc)
where d3D and fc denote the 3D LOS path distance in meters
and carrier frequency in GHz, respectively. In the following
simulations, we consider the LOS scenario with the near-field
upper-bounds. The LOS channel gains ρr and ρt are computed
with UMi model and utilized in the achievable rates of IRS,
DF and AF relays, and the upper-bounds for relay-aided IRS
with DF and AF through the equations derived in Section V
and VI.
As detailed earlier, the IRS considers twice the size of
reflection elements 2M compared to as there are two IRSs
adopted in relay-aided IRS. We consider a transmitter power
of pt = 20dBm and a relay maximum power of pr = 20dBm
for all scenarios. We consider two different carrier frequency
values 60 GHz and 3.5 GHz representing mmWave and sub-
6 GHz channels. The noise figure is set at 8dB and the
bandwidth is assumed to be 100 MHz at the 3.5GHz band
and 1GHz at the 60GHz band. A unitary reflection coefficient,
α = 1, is adopted assuming perfect reflection at all the relay-
aided IRS/IRS surfaces. For the simulations where AF relay
gain is given by β, the relays apply the minimum of β or the
amplification gain using maximum power.
B. Achievable Rates
We first investigate the achievable rates for varying number
of antennas M and over a fixed distance dx = 400m between
the transmitter and receiver. In Fig. 5, the achievable rates with
respect to the number of antennas are plotted considering a
setup operating at 3.5 GHz and with a bandwidth 100MHz.
As shown in this figure, the proposed relay-aided IRS archi-
tectures achieve much higher spectral efficiency compared to
the classical intelligent reconfigurable at any fixed number of
antennas. Further, this figure illustrates that relay-aided IRS
with a DF achieves higher gain compared to the relay-aided
IRS with AF relay (for the case of maximum used β). DF
relays, however, require relatively higher hardware complexity
and latency (initial offset) overhead which is the cost of the
higher achievable rate.
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Fig. 5. The achievable rates of the proposed relay-aided IRS architectures
versus the classical intelligent reconfigurable surfaces (IRS) at different
numbers of surface antennas. M . The setup operates at 3.5GHz and assumes
a fixed distance 400m between the transmitter and receiver.
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versus the classical intelligent reconfigurable surfaces (IRS) and the standard
single-antenna AF/DF relays at different distances between the transmitter
and receiver. The setup operates at 60GHz and assumes a fixed number of
elements at the surfaces, M = 50 thousands.
Fig. 5 also plots the achievable rates with the proposed
relay-aided IRS architecture with AF relays under different
realistic values for the amplification gains β. In general, how-
ever, the relay-aided IRS with AF and reasonable amplification
gain results in better performance compared to the classical
IRS. This is because the IRS requires a massive amount of
antennas to provide acceptable SNR gains, while the proposed
relay-aided IRS architecture splits the target SNR gain be-
tween the number of elements and the amplification gain. At
the 60GHz band, the achievable rates using these different
architectures are evaluated in Fig. 6 for different values of
the distance between the transmitter and receiver. This figure
emphasizes the potential gain of the proposed architectures
compared to both classical intelligent reconfigurable surfaces
and standard single-antenna relays.
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Fig. 7. This figure shows the required number of antenna elements, M , by
the proposed relay-aided IRS architectures and the classical IRS to achieve
a target spectral efficiency of 2bps/Hz. The antenna numbers are evaluated
at different distances between the transmitter and receiver which operate at
60GHz frequency band.
C. How Many Elements Do We Need?
We next examine the number of elements needed to provide
a fixed rate for varying distances between the transmitter and
receiver. Note that distance between the transmitter-IRS and
IRS-receiver also increases with the increasing distance as
shown in Fig. 4. Fig. 7 shows the required number of antenna
elements providing a fixed target rate Rlim = 2 bps/Hz at 60
GHz carrier frequency. The number of elements needed scales
exponentially for IRS and much larger than all relay-aided IRS
architectures.With the classical IRS architecture, the required
number of elements easily exceeds 100 thousands over 25m.
On the other hand, Fig. 7, shows that this number may be
required by the relay-aided IRS with AF architecture at a
distance 150m and amplification gain β = 15dB. Increasing
the amplification gain to 20dB can further reduce this number
to nearly 50 thousand elements. Further, this figure shows
that the proposed relay-aided IRS architecture with DF relay
may need much less number of elements. At 150m, only 100
elements per surface are needed for the relay-aided IRS with
DF to achieve the same target SNR. In general, Fig. 7 shows
that the proposed relay-aided IRS architectures can signifi-
cantly reduce the required number of elements to achieve a
reasonable achievable rate target at different distances yielding
a promising solution for practical deployments of intelligent
reconfigurable surfaces.
VIII. CONCLUSION
In this paper, we proposed a novel design for the intelligent
reconfigurable surfaces based on connecting two intelligent
surfaces via a full-duplex relay. By combining the stan-
dard single-antenna relay and the intelligent reconfigurable
surfaces, the new relay-aided IRS design has adopted the
beamforming function of IRS devices while maintaining the
active terminal nature of the traditional relay. We developed an
accurate channel model by combining both the far-field chan-
nels between the transmitter/receiver and the IRS and the near-
field channels between the intelligent surfaces and the relay.
8Further, we derived closed-form expressions for the achievable
rates using the proposed relay-aided IRS architecture and for
how many antennas are needed compared to classical IRS
approaches. Numerical simulations showed that the proposed
relay-aided IRS architecture outperforms both the IRS and
the standard relay solutions with much higher achievable rate,
particularly at high frequencies. Compared to traditional IRS
solutions, the relay-aided IRS architecture can achieve the
same transmission rate with much fewer elements (and hence
with less training overhead and more robustness). Further,
since the proposed architecture has both the amplification and
beamforming capabilities, it has clear advantages over MIMO
relays, which could be as costly as the base stations. As
the relay-aided IRS architecture are consisted of two reflect
arrays connected via an optical fiber, it can be deployed in
very flexible ways: The relay-aided IRS reflect arrays can
be installed separately, on different faces of the building or
walls, or can be tilted to look at different directions. This has
the potential of enhancing the coverage gains provided by the
proposed architectures. All these interesting gains yield the
proposed relay-aided IRS architecture as a promising solution
for practical intelligent surface deployments.
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